Abstract A feedback control system is needed to restrain plasma vertical displacement in EAST (Experimental Advanced Superconducting Tokamak). A fast control power supply excites active feedback coils, which produces a magnetic field to control the plasma's displacement. With the development of EAST, new demands on the new fast control power supply have led to an enhanced ability of fast response and output current, as well as a new control mode. The structure of cascaded and paralleled H-bridges can meet the demand of extended capacity, and digital control can realize current and voltage mixed control mode. The validity of the proposed scheme is confirmed by experiments.
Introduction
Tokamak is one of the most promising devices for building commercial nuclear fusion power reactors. However, the tokamak is a kind of low-β device. β is the ratio of plasma pressure and magnetic energy density, which represents the ability of magnetic field to confine the plasma. The value of β is generally 1%-10%. Considering the economic benefit, the average value of β should be about 10% for building a commercial reactor. Therefore, how to increase the value of β has become a very important subject among international nuclear fusion studies. The most popular method of increasing the value of β is elongating the plasma cross-section [1] , but elongated plasma has vertical displacement instability. Some kinds of disturbance will cause vertical displacement of the elongated plasma. As a result, plasma will move in the vertical direction. Without control, plasma will hit the wall of the vacuum vessel and be disrupted, causing discharge failure. The high heat load stress and a lot of runaway electrons caused by the disruption may be serious or even destructive [2] . So a feedback system is needed to restrain plasma vertical displacement.
2 Feedback control of plasma vertical displacement [3, 4] There are two methods used for feedback control for plasma vertical displacement: passive feedback and active feedback. Passive feedback is a kind of fast response at the millisecond level. Once plasma moves in the vertical direction, a conductor around the plasma (such as the metal wall of vacuum vessel) will induce an eddy current, which will produce a magnetic field. The radial component of the magnetic field B R interacts with the plasma current to produce Lorentz force in the opposite direction to plasma movement, so that the vertical displacement is suppressed. The passive feedback control of plasma in EAST is formed by a double layer stainless steel vacuum vessel and two pairs of passive conductor plates. However, passive feedback will be weakened after the conductor diffusion time because the eddy current will be dissipated by conductor resistance. Therefore, active feedback is needed for slow disturbance beyond the diffusion time scale. The active feedback method samples signals of plasma's vertical displacement and feeds it back to the control power supply, then a current in the active feedback coils will be built to produce a magnetic field to restrain the plasma's vertical displacement.
The vacuum vessel causes 24 ms and 11.5 ms shielding delay for the vertical and radial components of the magnetic field generated by the poloidal magnetic field coils, respectively, so fast control coils are installed in the vacuum vessel, as shown in Fig. 1 . IC1 and IC2 are a couple of 4 turn symmetrical active feedback coils forming a saddle shaped connection across the vertical conductor. The current flowing in coils can build a radial magnetic field to form a feedback control for plasma vertical displacement instability.
The EAST plasma control system (PCS) detects plasma vertical displacement, calculates the given current signal for the fast control power supply, then the power supply excites coils in the vacuum vessel to build the magnetic field, which realizes vertical balance and locates the plasma. The existing fast control power system began to run in 2006, its parameters are as follows [5] : Max. output voltage (U m ) = ±800 V; Max. output current (I m ) = ±5000 A. The factors affecting feedback control are current response time, current tracking ability and maximum output current. When plasma equilibrium is out of control, the power supply should make the output current reach a preferred value in the shortest time, then an effective magnetic field will be built and the displacement of plasma will be restrained. If a large displacement of plasma has occurred, the power supply must output a large current to produce a strong magnetic field. With the development of EAST, the power supply needs to keep on enhancing the ability of fast response and output current. The current response time and the maximum output current affect each other, and the current response time is relatively more important to the system. Because the primary part of load is inductance, the most effective measure to shorten the response time is to increase the output voltage.
The parameters of the new power supply system are as follows:
Max. output voltage (U m ) = ±1600 V Max. output current (I m ) = ±9000 A According to formula u = Ldi/dt, high voltage will produce a great rise current rate, which demands a high switching frequency and a large capacity in power devices. Although an IGCT (Integrated Gate Commutated Thyristor) has high voltage and large current capabilities, its switching frequency is too low, just 500 Hz, and a high voltage IGBT (Insulated-Gate Bipolar Transistor) cannot support a large current, so a medium voltage IGBT with a large current capability is selected as the power device in the power supply. Because the switching frequency of an IGBT is faster than a thyristor, the problem of dynamic voltage sharing between power devices in series is hard to solve, so an H-bridge cascaded inverter is the best solution. An IPM (Intelligent Power Module) with 1200 V and 2400 A was used for the power device in the new power supply. To output 1600 V voltage, three H-bridges are cascaded to build a branch in the system. To output 9000 A, six branches are paralleled. There is a current sharing reactor at the AC output side to limit the circulation current from the parallel connection. The structure of the new fast power control power supply for EAST is shown in Fig. 2 . The output voltage of each H-bridge has three levels and the technique of carrier phase-shift PWM is adopted in the new power supply to raise the equivalent switching frequency, low frequency harmonics, and improve the output wave. In Fig. 2 , α is the phase offset of carrier waves for each H-bridge. As previously mentioned, the PCS detects plasma vertical displacement and calculates a given current signal for the main control power supply. A fast control power supply is an important element to restrain plasma vertical displacement in tokamaks, there are two control modes for power supplies in different tokamak systems. In EAST, The signal given to the fast control power supply is the current signal, the given signal is linearly amplified and real time tracked by the power supply. The method of calculation is given by Eq. (1).
g P is the proportion coefficient of the controller, g d is the differential coefficient of the controller, Z P is plasma vertical displacement, i c is the required output current of the power supply. This current control mode is also used in KSTAR (Korea Superconducting Tokamak Advanced Research). There is another control mode, voltage mode, which has been used in the fast radial field amplifier at JET (Joint European Torus). The output voltage of the power supply is linearly related with the speed of the plasma's movement, and it has tiny current feedback. The method of calculation is shown in Eq. (2) [6] .
g u , g i , k i are gain of controller, I P is the plasma current, Z P is plasma vertical displacement, i FREA is the output current of the power supply.
The validity of the current mode was confirmed at EAST. It is helpful to enhance control accuracy, and it is obvious that the current mode is easy to realize and the current is shared among paralleled inverters for inductive load, but there is a problem related to the power supply current response time for EAST.
The current response of the existing EAST fast control power supply is shown in Fig. 3 . In Fig. 3 , the channel 1 is input signal. The output current and output voltage of the power supply are shown in channel 2 and channel 3, respectively. When affected by a PI regulator (no static error between input and output signal can be realized), the output voltage of the power supply cannot reach its maximum value, which will reduce the rise current rate. It is obvious that if the power supply retains maximum voltage before the current rises to a reference value, the response ability will be improved. Because the voltage control mode will be adopted in the VS power supply for ITER (International Thermonuclear Experimental Reactor), as pre-research for the ITER VS power supply and the development needs of EAST, the voltage control mode must be tried in the new fast control power supply.
Based on the above reasoning, digital control is used in the new power supply. Current mode and voltage mode are also adopted. The choice of control mode just depends on the PCS command and program in the system controller.
Result of experiment
In an experimental prototype, four H-bridges were assembled, 2 cascaded and 2 paralleled, which can output 1000 V and 3000 A. First, current control mode was adopted. To overcome the current unbalance problem in a paralleled invert system, a current closed-loop proportion controller is used in an inverter unit.
The experimental waveform of the current control mode is shown in Fig. 4. In Fig. 4 , the channel 1 waveform is input signal, and the current waveforms of two inverter branches are shown in channel 2 and channel 3, respectively, summed current waveforms of power supply is shown in channel 4. It is obvious that the current waveform is similar to input signal, and thus the prototype has a good current tracking ability. Fig.4 Experimental wave of the prototype in current control mode
The experimental waveform of the prototype with voltage control mode is shown in Fig. 5 . In Fig. 5 , the channel 1 waveform is input signal, and the current waveforms of two inverter branches are shown in channel 2 and channel 3, respectively. It is noted that because there is only inductance without capacitance in the load, it cannot realize close-loop feedback control as in current control mode. So the voltage control mode is an open-loop control mode, and the input voltage signal is linearly related with the PWM duty cycle of the controller. 10 V input signal corresponds to 100% duty cycle, 0 V corresponds to 0% duty cycle. If the input signal is 5 V, the PWM duty cycle of the controller is 50%, and the average value of output voltage in one PWM cycle of power supply is 50% of the maximum voltage of system. Unlike the current mode, if the PCS cannot change the given signal in time, the current will continue to rise, and exceed the allowed value of the power device, so the power supply must have the function of over-current protection. The controller detects the current value of the power supply and once the current exceeds the value of protection, the controller will remove the drive signal of the power device; and then current will fall. After a pre-set time, if the current value is lower than the value of protection, the controller will respond to the input signal again. Because the input signal is positive and has a negative square waveform and the pulse width is large, then two system branches always work in current protection and current release alternately. The final power supply system consists of 18 Hbridges, three H-bridges are cascaded to build a branch and six branches are paralleled. So three cascaded Hbridges are examined in the experiments, as shown in Fig. 6. In Fig. 6 , the waveform of channel 1 is input 100 Hz positive and negative square waveform signal, current and voltage waveforms of power supply are shown in channel 2 and channel 3, respectively. With current control mode, the rising time of current from −1000 A to 1000 A is 3 ms, as shown in Fig. 6(a) , and with voltage control mode, the falling time of current from 1500 A to −1500 A is about 0.5 ms, as shown in Fig. 6(b) . It is obvious that the open-loop voltage control mode can get a bigger current rising rate than the close-loop current control mode, which is helpful for quickly building the magnetic field needed to restrain plasma vertical displacement. At the same time, only PCS has enough detection and calculation abilities, and such big current change rate caused by voltage control mode can produce good effect.
Conclusion
As an important element in active feedback control systems, the fast control power supply needs to keep on enhancing its ability of fast response and output current. In an experimental prototype of a new power supply, a current and voltage mixed control mode is adopted, and the validity of the proposed scheme is confirmed by experiments.
